ON bipolar neurons in retina detect the glutamate released by rods and cones via metabotropic glutamate receptor 6 (mGluR6), whose cascade is unknown. The trimeric G-protein G o might mediate this cascade because it colocalizes with mGluR6. To test this, we studied the retina in mice negative for the ␣ subunit of G o (G␣ o Ϫ/Ϫ). Retinal layering, key cell types, synaptic structure, and mGluR6 expression were all normal, as was the a-wave of the electroretinogram, which represents the rod and cone photocurrents. However, the b-wave of the electroretinogram, both rod-and cone-driven components, was entirely missing. Because the b-wave represents the massed response of ON bipolar cells, its loss in the G␣ o null mouse establishes that the light response of the ON bipolar cell requires G o . This represents the first function to be defined in vivo for the ␣ subunit of the most abundant G-protein of the brain .
ON bipolar neurons comprise three-quarters of all bipolar cells in mammalian retina, including all rod bipolar and one-half of the cone bipolar cells (Sterling et al., 1988; Cohen and Sterling, 1990; Martin and Grünert, 1992; Strettoi and Masland, 1995) . These neurons detect glutamate released by rods and cones by means of metabotropic glutamate receptor 6 (mGluR6) (Nakajima et al., 1993; Nomura et al., 1994) . Initially, mGluR6 was thought to trigger a cascade resembling that for phototransduction (Nawy and Jahr, 1990; Shiells and Falk, 1990) . However, the main components of the phototransduction cascade (transducin, phosphodiesterase, and a cGMP-gated cation channel) were not found in the ON bipolar dendrites (Wässle et al., 1992; Vardi et al., 1993) . Instead, a different trimeric G-protein was found: G o (Vardi et al., 1993; Vardi, 1998) .
G o has been suggested as the second step in the ON bipolar cascade because of the following: (1) it colocalizes with mGluR6 in the dendrites (Vardi, 1998; Vardi et al., 2000) ; (2) agonist-bound mGluR6 can activate its ␣ subunit (G␣ o ) in vitro (Weng et al., 1998) ; and (3) G␣ o dialyzed into ON bipolar cells reduces the response to glutamate (Nawy, 1999) . However, doubt persists regarding the role of G o because, rather than coupling mGluR6 to the effector, it might merely modulate the cascade, e.g., by affecting channel phosphorylation. If G o merely modulates the cascade, a retina lacking G␣ o might have an altered ON response (Greif et al., 2000) , but if G␣ o actually couples mGluR6 to an effector, a null retina would have no ON response. Here we show that the retina in a G␣ o Ϫ/Ϫ mouse appears normal, but the ON response to rod and cone stimuli, as measured by the b-wave of an electroretinogram (ERG), is completely absent.
MATERIALS AND METHODS
Mice null for G␣ o (both splice variants) rarely reach adulthood (Valenzuela et al., 1997; Jiang et al., 1998) , so the colony was maintained by breeding heterozygotes. Heterozygous animals were received from the late Eva J. Neer (Harvard Medical School, Boston, M A). All experiments involving animals were done in compliance with federal regulations and University of Pennsylvania policy.
Genot yping. The tip of a mouse tail (0.5 cm) was incubated in lysis buffer containing 100 mM Tris-HC l, pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaC l, and 100 g /ml proteinase K at 55°C overnight. After centrif ugation, the supernatant was decanted into 500 l of isopropanol to precipitate the DNA. PCR primers used to amplif y G␣ o were as follows: 5Ј-AGG GGA TGA GAG CCG CC T GCA GTC -3Ј and 5Ј-ATG ATG GCC GTG ACA TCC TCG AAG CA-3Ј. The neo gene was amplified using 5Ј-ACC TGG TCA TAG CCG C TG AGT-3Ј and 5Ј-TGC CGA GAA AGT ATC CAT CAT G-3Ј (Jiang et al., 1998) . PCR conditions were as follows: an initial cycle at 96°C (3 min), 63°C (5 min), and 72°C (45 sec); then 30 cycles at 94°C (30 sec), 63°C (30 sec), and 72°C (45 sec); and a final hold at 72°C (5 min).
Electroretinographic recordings. The experimental apparatus, methods of light stimulation and quantification, ERG recording, and cone signal isolation have been described in detail previously (Lyubarsky et al., 1999) . Briefly, a mouse was dark-adapted for 2 hr; then, under dim red light, it was deeply anesthetized by injecting intraperitoneally ketamine (20 g/gm) plus xylazine (8 g /gm). The animal was immobilized in a holder with the right eye pointing upward; then the pupil was dilated with 1% tropicamide, and the eye was protected with a drop of methylcellulose. A platinum recording electrode contacted the cornea, and a tungsten reference electrode was inserted subcutaneously on the forehead. The animal in its holder was then placed inside a light-proof Faraday cage, and light stimuli were delivered through several ports. Light stimuli were 1 msec flashes generated with xenon flash tubes. The intensity and spectral composition were controlled with neutral density and bandpass interference filters. Light intensities were calibrated and converted to estimated number of photoisomerization per photoreceptor (R*) as described previously (Lyubarsky et al., 1999) . For dim flashes, 10-40 responses were averaged for each experimental condition; for intense flashes, two to five responses were averaged.
Immunoc ytochemistr y. Eyes were enucleated from an anesthetized mouse (85 g /gm ketamine and 13 g /gm xylazine), and the animal was killed by anesthetic overdose. A small cut was made through the lens, after which the eyeball was immersion-fixed in 4% paraformaldehyde plus 0.01% glutaraldehyde buffered at pH 7.3 [room temperature (RT), 1 hr]. The eye was then rinsed in buffer, soaked overnight in 30% buffered sucrose, embedded in a mixture of 20% buffered sucrose and tissue freezing medium (2:1), and cryosectioned at 10 m. Sections were soaked in 0.1 M phosphate buffer containing 10% normal goat serum, 5% sucrose, and 0.3% Triton X-100 (diluent) (RT, 1 hr), incubated in primary antibody (in diluent) (4°C, overnight), washed and incubated in secondary antibody conjugated to a fluorescent marker (3 hr) (Jackson ImmunoResearch, West Grove, PA), and mounted in Vectashield (Vector Laboratories, Burlingame, CA). Digital images were acquired by a confocal microscope (Leica, E xton, PA). Images were cropped, enlarged, and contrastenhanced with Adobe Photoshop (Adobe Systems, San Jose, CA). Final resolution was ϳ300 dots per inch.
Antibodies. T wo antibodies for G ␣o were used: rabbit polyclonal directed against the specific peptide AN N LRGCGLY located at the C terminus of the ␣ subunit (gift from Dr. D. Manning, University of Pennsylvania, Philadelphia, PA) (C arlson et al., 1989; Law et al., 1991; Vardi et al., 1993) and a mouse monoclonal against the purified bovine protein (M AB 3071; Chemicon, Temecula, CA) (Li et al., 1995) . Anti-mGluR6 was directed against the C terminus of rat mGluR6 (gift from Dr. S. Nakanishi, Kyoto University, Kyoto, Japan). Anti-recoverin was directed against bovine recoverin (gift from Dr. A. M. Dizhoor, University of Washington, Seattle, WA). Anti-calbindin D28 was a rabbit polyclonal (Swant, Bellinzona, Switzerland), and anti-protein kinase C (PKC) was a mouse monoclonal (Sigma, St. L ouis, MO and Amersham Pharmacia Biotech, Little Chalfont, UK).
Electron microscopy. Eyes were fixed in phosphate buffer (0.12 M, pH 7.3) containing 2% glutaraldehyde, 2% paraformaldehyde, and 5% glucose. Eyes were rinsed in phosphate buffer, and then a small piece of retina was taken (ϳ1 ϫ 1 mm 2 , with the optic disk in the center). Tissue was osmicated (1%, 1 hr), partially dehydrated in 50% and 70% ethanol, stained en bloc in 1% ethanolic uranyl acetate (1 hr), dehydrated, and embedded in Epon. Ultrathin sections (80 -90 nm) were counterstained with uranyl acetate and lead citrate and photographed in an electron microscope. Semi-thin sections (1 m) were stained with toluidine blue.
RESULTS

G␣ o ؊/؊ retina appears normal
To test whether the absence of G␣ o affects retinal development, we compared retinas from 3-8 postnatal week null mice with wild-type littermates. The null retinas were identical in thickness to wild-type retinas of the same age. Photoreceptors, including outer and inner ) . B, Measurements of individual retinal layers show no difference between wild type and null (2 retinas at ϳ4 postnatal weeks and 2 at 6 postnatal weeks; measured from Epon sections). OS, Outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; PR, photoreceptor outer and inner segments; WR, whole retina. segments, axon, soma, and terminal, appeared fully developed, and all layers were present at normal thickness (Fig. 1) .
We probed the morphology of specific cell types by staining with established immunomarkers: anti-PKC for rod bipolar cells; antirecoverin for OFF cone bipolar cells; and anti-calbindin for horizontal and amacrine cells. These cell types were indistinguishable in null and wild-type retinas (Fig. 2) . Thus, rod bipolar somas were positioned normally, high in the inner nuclear layer (INL), with dendrites arborizing in the outer plexiform layer (OPL) and axons arborizing in the deepest stratum of the inner plexiform layer (IPL) (Fig. 2 A, B) . The OFF cone bipolar cell stained for recoverin (probably CB2) (Euler and Wässle, 1995) arborized diffusely in the OFF sublamina of the IPL (Fig. 2C,D) . Horizontal cell processes invaginated rod and cone terminals, and amacrine processes formed three sharp bands in the IPL (Fig. 2 E, F ) . These experiments were performed on 3-and 7-week-old animals with same results.
Wild-type retinas already expressed G␣ o by 3 postnatal weeks, showing the adult pattern (Fig. 2G) . Thus, immunostain was present in bipolar somas high in the INL, in bipolar dendrites, and in the IPL. Null retinas were immunonegative for G␣ o (Fig. 2 H) . In short, except for the absence of G␣ o , the null retina seemed completely normal.
Photoreceptor synaptic complex appears normal
Conceiveably, the absence of G␣ o from the ON bipolar dendrite might affect the expression of mGluR6, or there might be transsynaptic effects on the structure of the rod and cone terminal. If so, a primary defect of bipolar cell transduction would not be distinguishable from such second-order effects. However, both null and wild-type retinas stained identically for mGluR6; puncta were stained in OPL and somas in the upper tiers of the INL (Fig. 3,  left) . Also, detailed examination by electron microscopy of the rod and cone terminals (tissue was examined in two wild types at 3.5 and 6 weeks old and two nulls at 4 and 6 weeks old) showed similar synaptic ribbons, synaptic vesicles, invaginating processes, "synaptic triad" (two horizontal cell processes flanking a central bipolar dendrite), electron-dense apposition between photoreceptor plasma membrane and bipolar dendrite, and "basal contact" between cone basal surface and bipolar dendrite (Fig. 3) . Thus, in the null retina, all of the key ultrastructural features of the photoreceptor synaptic complex seemed normal.
G␣ o null mice lack the b-wave of the electroretinogram but retain the a-wave
Most of the components of the ERG can be recorded from a wild-type mouse 2 weeks postnatally, after which the ERG components rapidly reach mature proportions (see below). We recorded ERGs from postnatal day 21 (P21) to P60 mice.
A normal, dark-adapted mouse responds to a dim flash [510 nm; ϳ20 photoisomerizations (R*) rod Ϫ1 ] with a "scotopic b-wave" (100 -200 V), generated by the transduction current of the depolarizing rod bipolar cells (Robson and Frishman, 1995) . We observed the scotopic b-wave in both wild-type and heterozygous mice. However, in G␣ o null mice, the same flash evoked no b-wave (Figs. 4 A, 5A ). Of course, the b-wave would fail if the rods were themselves impaired, so we examined rod function by stimulating dark-adapted mice with an intense white flash that isomerized ϳ1% of the rhodopsin. This strong stimulus causes rapid closure of the cGMP-activated channels and completely suppresses the rod circulating current. Suppression of the circulating current produces an ERG field potential, the a-wave, of saturating amplitude (Hagins et al., 1970; Hood and Birch, 1993; Breton et al., 1994; Lyubarsky and Pugh, 1996; Pugh et al., 1998) . The saturating a-wave amplitudes in the wild-type, heterozygous, and null mice were indistinguishable (Figs. 4 B, 5B) . Thus, we conclude that the rods have normal cGMP-activated currents and normal phototransduction. Because rods are functional, the absence of the b-wave in the null mice in response to both the dim and bright flashes indicates failure of signal transduction in the rod bipolar cell.
Mouse retina contains a substantial population of ON bipolar cells driven by cones (Jeon et al., 1998) . Because dendrites of these cells express G o , it was of interest to examine cone-driven responses. To isolate the cone-driven components of the ERG, we presented a bright steady background (540 nm; ϳ20,000 R* rod
), which completely suppresses the rod circulating current and permits measurement of purely cone-driven a-and b-waves (Pugh et al., 1998; Lyubarsky et al., 1999 Lyubarsky et al., , 2000 . The wild-type and heterozygous mice exhibited robust cone b-waves, but the null showed no reliable positive-going responses (Figs. 4C, 5C ). All mice groups showed normal cone a-waves (Figs. 4C, 5D ). Previous work has attributed the cone a-wave mostly to the suppression of the cone circulating current; however, it may also contain a component contributed by the activation of cone-driven OFF bipolar cells.
Because the G␣ o Ϫ/Ϫ mice have a low survival rate, we took most of our data points from the early age of 21-30 d. However, to test whether the lack of a b-wave might be attributable to a lag in development, we also tested older mice of up to 60 d. In the wild type, all of the ERG components grew rapidly between P21 and P25. In the null mouse, the rod-and cone-driven a-waves were similar to those of the wild type, but the b-waves were always missing (Fig. 5) .
DISCUSSION
G␣ o is necessary for the ON bipolar response
A mouse lacking the ␣ subunit of G o fails to produce either a scotopic or a photopic b-wave. The b-wave is elicited when the glutamate release from a photoreceptor is suppressed by light increment (Pugh et al., 1998; Green and Kapousta-Bruneau, 1999; Robson and Frishman, 1999; Shiells and Falk, 1999) . This opens cation channels in the ON bipolar dendrite that had been closed in darkness by tonic activation of the mGluR6 cascade (Stockton and Slaughter, 1989; Nawy and Jahr, 1990; Shiells and Falk, 1990; Yamashita and Wässle, 1991; de la Villa et al., 1995; Euler et al., 1996) . Thus, absence of the b-wave reflects loss of function in ON bipolar cells. Consistent with this, a mouse lacking the mGluR6 receptor also lacks the b-wave (Masu et al., 1995) .
Failure of the ON response in the G␣ o Ϫ/Ϫ mouse cannot be attributed to a gross deficit in retinal organization: (1) rods and cones respond normally (a-wave); (2) rod and cone synaptic terminals show normal ultrastructure (ribbons, vesicles, triad, etc.) ; (3) mGluR6 is expressed at the ON bipolar dendritic tip; and (4) ON bipolar cells show normal morphology and spatial density. It is possible that lack of G␣ o affects expression of other proteins whose importance is currently unknown. However, it is more likely that the b-wave is impaired because G o crucially links mGluR6 to an effector that closes the cation channel. and the number of responses ( n) averaged for each trace shown were as follows: for the P21 and P31 mice, ⌽ ϭ 20, n ϭ 11; for the P44 mouse, ⌽ ϭ 3, n ϭ 40. B, Dark-adapted animals were stimulated with an intense flash (isomerizing ϳ1% of the rhodopsin). This elicited in the heterozygote a negative a-wave (shading), followed by a positive-going b-wave. In the null mice, the a-wave was normal, but the b-wave was absent. The flash intensities (⌽) and the number of responses ( n) averaged were as follows: for the P21 and P31 mice, ⌽ ϭ 10 6 , n ϭ 2-4. For the P44 mouse responses to three intensities are shown: ⌽ ϭ 20, n ϭ 20; ⌽ ϭ 500, n ϭ 16; ⌽ ϭ 10 6 , n ϭ 2. C, Mice were adapted to a bright background (540 nm; 20,000 R* rod Ϫ1 s Ϫ1 ) that completely suppressed the cGMP-activated current of the rods. They were then stimulated with an intense white flash that isomerizes ϳ1% of the M-cone pigment and 0.1% of the UV-cone pigment in adult mice. The cone-driven a-wave was not visible in the P21 animals but was pronounced in P31 and P44 animals (both G␣ o ϩ/Ϫ and G␣ o Ϫ/Ϫ). A typical cone-driven b-wave (positive-going response with superimposed oscillations, peaking ϳ70 -90 msec after the flash) was observed in the G␣ o ϩ/Ϫ mice of all age groups but was absent in the G␣ o Ϫ/Ϫ mice. For P21 and P31 G␣ o ϩ/Ϫ mice, n ϭ 10; for P21 G␣ o Ϫ/Ϫ, n ϭ 20; for P31 and P44 G␣ o Ϫ/Ϫ, n ϭ 40. The slow positive-going potential in P21 mouse is probably an artifact attributable to movement of the lightly anesthetized mouse.
This conclusion is further supported by a considerable body of circumstantial evidence: (1) G␣ o colocalizes with mGluR6 in the dendritic tips of all ON bipolar types (Vardi et al., 1993 (Vardi et al., , 2000 Vardi and Morigiwa, 1997; Vardi, 1998) ; (2) purified mGluR6 stimulated by its specific agonist, L-2-amino-4-phosphonobutyrate (L-AP-4) activates G␣ o 18-fold more strongly than G t (transducin) (Weng et al., 1998) ; (3) L-AP-4 in a retinal homogenate suppresses ADP-ribosylation of a G-protein by pertussis toxin but not cholera toxin (Kikkawa et al., 1993) , consistent with the sensitivity of G o to pertussis but not cholera toxin (Gilman, 1987) ; and (4) dialysis of G␣ o or antibody to G␣ o into ON bipolar cells reduces the response to glutamate (Nawy, 1999) .
G␣ o -mediated cascades are poorly understood
G o is the most abundant G-protein in the brain (Sternweis and Robishaw, 1984; Huff et al., 1985; Terashima et al., 1987; Asano et al., 1988; Li et al., 2000) , and it appears to be involved in a large repertoire of signal transduction cascades. For example, G o regulates several types of voltage-gated Ca 2ϩ channels (Kleuss et al., 1991; Valenzuela et al., 1997; Jiang et al., 1998) , K ϩ channels (VanDongen et al., 1988) , a cGMP-dependent channel (in scallop ciliary photoreceptors; Kojima et al., 1997) , possibly a cAMPdependent channel (in vomeronasal organ; Berghard and Buck, 1996) , and a variety of serotonin-controlled behaviors in Caenorhabditis elegans (Mendel et al., 1995; Ségalat et al., 1995; Nurrish et al., 1999) . In cases where G o gates the N-type Ca 2ϩ channel, the G␤␥ of G o complex directly binds to the ␣ subunit of the channel (Dolphin, 1998) , but this cannot account for the diverse effects of G o , so there are probably other mechanisms.
Initially the G-protein of the ON bipolar cell was thought to activate a cGMP phosphodiesterase (Nawy and Jahr, 1990; Shiells and Falk, 1990) . However, recent experiments using a nonhydrolyzable analog of cGMP, or various concentrations of glutamate plus phosphodiesterase inhibitor, failed to prevent glutamate from closing the channel. This suggested that the channel might be gated by something other than cGMP (Nawy, 1999) . Conceivably, because the ␤␥ subunits of G o can interact directly with Q-and N-type voltage-gated calcium channels, these subunits could also act on the ON bipolar cell cation channel. However, to the contrary, dialyzing the ␣ subunit of G o into the ON bipolar cell mimics the effect of activated mGluR6, i.e., the cell hyperpolarizes (Nawy, 1999) . If the G␤␥ subunits served as linkers, dialyzing G␣ o should have bound the G␤␥ subunits, prevented their activation, and thus depolarized the cell. In contrast, if the dialyzed free G␣ o subunit were activated by GTP, it would mimic mGluR6. These experiments seem to rule out the ␤␥ subunits and support a role for G␣ o .
The targets of G␣ o remain obscure, and this seems astonishing given that G o is the most abundant protein in the brain. However, the present study establishing a firm requirement for G o for signal transmission at a specific synapse may be an important step toward identifying the downstream targets in ON bipolar cells and in other parts of the nervous system. Figure 5 . ON components of the ERG remain absent from G␣ o Ϫ/Ϫ mice during development. The peak amplitude of the ERG a-and b-waves is variable because of variable contact with the electrode and because of rapid growth between P21 and P30. However, at all ages, the rod-and cone-driven b-waves were missing from the G␣ o Ϫ/Ϫ mouse.
